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Abstract
Metastability of states can provide interesting properties that may not be readily accessible in a
material’s ground state. Many materials show high levels of polymorphism, indicating a rich
energy landscape and a potential for metastable states. Melt crystallization techniques provide
a potential route to these states. We use a resistively heated diamond anvil cell (DAC) with fine
control of a system’s pressure and temperature to explore these systems. Raman spectroscopy
is used to track subtle structural changes across phase boundaries. Organic systems, such as
glycine and aspirin, were our initial interest due to their high polymorphism and reported low
melting temperatures; however, complications with these systems ultimately showed that they
are not ideal candidates for this technique. Metallic systems with allowed Raman modes are
better samples for this method. We successfully map the phase stability of β-tin under high
pressure and temperature conditions using Raman spectroscopy.
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Introduction
Energy Landscapes and Metastable States
Matter exists in many phases and structures. A material’s energy landscape is a mapping of
all the possible structures a material may take under differing thermodynamic conditions and
energies. The lowest energy state is the ground state, and other stable, but higher energy states are
considered metastable. For example, one of carbon’s metastable states is diamond, while its ground
state is graphite at ambient conditions; diamond and graphite have wildly different properties

heavily exploited for very different uses. Understanding a material’s complete energy landscape
often requires complex computation; pressure and temperature are needed to experimentally
sample the energy landscapes of materials and provide some insight into the structural
complexities of a material.
Pressure and temperature: windows for observing nature's phenomenon
High pressure and temperature are frequently applied to understand materials and their
interesting properties. The use of high pressure alone can induce magnetic or superconducting
properties, help us understand planetary sciences more deeply, and facilitate synthesis of new
materials [1]. High temperature is a valuable technique for relieving the anisotropic strain that can
arise from the uniaxial compression of diamond anvil cells [2]. High pressure and temperature can
be used to investigating a material's melt curve [3]. The use of high temperature can be used to
discover new phases from the melt [4], a property that could potentially be described by a property
called Ostwald’s rule. Ostwald's rule of stages is an empirical observation by Wilhelm Ostwald made
in 1897 stating that the most stable polymorph will not crystallize out of a melt or solution first, but
rather the least stable polymorph [5], [6]. This concept inspired us to explore simple organic
systems in search of new polymorphic forms under high pressure and temperature conditions.
1

Motivation and Sample selection
Simple organic systems have rich energy landscapes, providing for the possibility of a large
number of unique or metastable states. Many practical reasons to explore polymorphism of simple
organics under high pressure and temperatures exist besides interest in them from a basic research
perspective[7]. For example, molecular shape is important for how pharmaceutical drugs interact
with biological systems. Thus, knowing how a material behaves under a range of conditions,
particularly how its structure changes, is helpful for pharmaceutical developers so that they can
create a drug with improved functionality. Our technique is particularly relevant to delicate
energetic materials systems. Studying energetic materials under pressure or temperature can be
challenging even under the best circumstances and often requires strict rules on handling. Using a
surrogate organic system with specific similarities to the energetic material potentially provides
insight as to how the energetic system might behave in a safe way and allows for the possibility of
future large volume press work.
Understanding the structures of organic systems under high pressure and temperature
conditions is most certainly important, which makes the difficulty of solving such structures a
paramount problem to address. Organic systems often have incredibly complex structure solutions
due to the large unit cell made up of molecules rather than single atoms like many physicists may
be accustomed to. In order to address this, we are partnered with a talented theoretical group who
routinely uses first principles structure solving programs like USPEX to help us solve for the ground
state structure[4], [8], [9].
Although simple organic systems began as our initial motivation, they proved to be too
complex for a system under development. The Case Studies chapter details our progress with these
systems including our challenges, and describes how we moved to address our more fundamental
questions about the instrumentation and methods development with more robust systems.
2

Background and Motivation of Instrumentation
Reaching the correct temperature conditions for a variety of systems merited the
application of a tool with precise control, accurate temperature measurement, and the ability to
reach and maintain a particular temperature range. Although CO2 laser heating systems are well
equipped to deal with wide bandgap insulators, the risk of decomposition of simple organics is high.
Melting temperatures of organic samples considered in this study are relatively low (see section
Case studies (glycine and aspirin), and reaching those temperatures slowly from ambient
conditions in order to achieve a steady state is of paramount importance. When considering other
systems, specifically tin, both traditional laser heating and resistive heating have been used [10],
thus some literature is available to compare to. Measuring the temperature of the sample during
heating is arguably one of the most important tasks of any heating experiment. Ohmic heating has
the advantage of being able to use thermocouples, which although convenient, give rise to
systematic errors. A particularly powerful method of temperature determination of the sample is
the use of Raman spectroscopy as an absolute measurement of temperature.
Our goal for the first phase of ohmic heating was to attain fine heating control and
measurement of temperature, and to define a set of criteria for sample evolution under high
pressure and temperature conditions. This characterization will lend strength to our next
generation of resistive heating. The Methods section describes the current progress in our field in
ohmic heating, the development of our first phase of ohmic heating, and our robust measurement of
temperature used to characterize ohmic heating experiments.
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Methods
This chapter gives a brief background on the topics required to understand our research
and also describes how we use these techniques to perform our experiments.
Diamond Anvil Cells/High Pressure History
High pressure has been in use as a tool to study material science since the early 20th
century. A variety of high pressure devices were employed early on [11], and many important
results were gleaned from these early studies [12], [13]. An invention in the 50’s and 60’s
revolutionized high pressure work; the creation of the diamond anvil cell (DAC) gave scientists a
literal window into nature previously unobserved [11], [14], [15]. The diamond anvil cell exploits
the unique properties of diamond, such as its hardness and optical transparency, to generate ultrahigh pressures while allowing direct observation with a variety of techniques during the
measurement. Just last year, in 2018, the diamond anvil cell celebrated its 60th anniversary —the
diamond anniversary[15].

Table

A

B

Culet
Gasket

Tungsten
Carbide
Backing
plates

Figure 1: Diamond Anvil cell. A) Annotated cross section schematic of Diamond Anvil Cell (DAC)
and B) sample chamber loaded with tin, NaCl, and Ruby sphere in stainless steel gasket
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Diamond anvil cells apply uniaxial compression to a sample between two diamonds with
flattened tips called culets. Early experiments used only the diamonds to compress the sample with
no containment[15], but most modern experiments employ a gasket—a thin sheet of metal
indented with the diamond footprint and drilled to have a sample chamber[16]. Setting the
dimensions of the gasket, such as the indentation thickness and the diameter of the sample
chamber, depends on the needs of the experiment. Anecdotally, we will note that gasket dimensions
are a topic of some consideration and debate in the high pressure field. In addition to careful
consideration of the gasket conditions and material, the selection of the pressure transmitting
medium (PTM) matters for how much of a deviation in pressure a sample will experience across the
diamond culet [17]. A liquid PTM, such as liquid He, provides a uniform pressure transmission to
the sample up to a certain pressure beyond which we consider it to be quasi-hydrostatic. Careful
selection of the correct PTM for the experiment can greatly reduce non-uniform pressure
application and the pressure gradient experienced.

Figure 2: Diamond Anvil Cells (DACs) Paul
Ellison- Ashkan Salamat (PEAS) Design
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Our diamond anvil cells are designed by Ashkan Salamat and Paul Ellison, and machined by
Paul Ellison. They are a piston-cylinder type DAC that are optimized for reaching megabar
conditions. Our experiments used brilliant and conical cut diamonds with 300 μm, 400 μm, or 600
μm culets depending on our needs and availability of diamonds in stock. Stainless steel gaskets
were sufficient for our experimental needs, particularly since reaching ultra-high pressures and
having a pure elemental gasket for x-ray diffraction were not our goals for the time being. We
specify the thickness after indentation and sample chamber diameter for each experiment as it is
relevant. Tungsten carbide backing plates to seat the diamonds were used for most of our
experiments, but for our later work, we developed ceramic backing plates to promote thermal
isolation of the sample from our heaters (see Methods; Resistive heating and Case Studies; β-Sn).
Pressure Markers
Measuring pressure inside the sample chamber of a diamond anvil cell is a critical
component of high pressure experiments. A large body of work exists to define a calibrated
pressure scale using various techniques and pressure markers. In this manuscript, we include a
table reviewing a few popular fluorescence markers from literature. We note that other pressure
markers exist for the techniques of x-ray diffraction (such as gold), and Raman Spectroscopy (such
as diamond), but we do not discuss them much here, since they are less pertinent to the specific
project contained within this work.
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Table 1: A literature review of pressure markers.
Authors

Year

Pressure
marker

Maximum
Calibration
Pressure
60 GPa

Maximum
Calibration
Temperature
ambient

Pressure
transmitting
medium
He

Rashchenko
et al[18]
Jing et al
[19]
Datchi et al
[20]

2015

SrB4O7:Sm2+

2013

SrB4O7:Sm2+

48 GPa, 128
GPa
124 GPa,
130 GPa

ambient

Ar, no PTM

1997

SrB4O7:Sm2+

900K

He, H2O

Trots et al
[21]
Raju et al
[22]

2013

Sm: YAG

58 GPa

ambient

Ne or He

2011

Ruby
Sm: YAG
SrB4O7:Sm2+
Ruby
Sm: YAG
SrB4O7:Sm2+

25 GPa

~ 800K

Ar

Goncharov
et al [23]

2005

95 GPa

850K

H2, N2

Dewaele et
al [24]

2008

Ruby

Ambient

He

Mao et al
[25]

1986

Ruby

65 GPa
(Co), 200
GPa (Fe)
100 GPa

Liu et al [26]

2013

Ruby

N/A

N/A

Ambient
N/A

Calibration
techniques (or
additional notes)
Sm:YAG used as
reference
Gold EOS, yield
strength measured
Ruby chip
fluorescence, gold
powder EOS
Direct measurement
of EOS of Sm: YAG
EOS of each pressure
marker compared to
NaCl or Au EOS
Comparison to
existing calibrations of
Au EOS plus c-BN
Raman
Fe, Co, Ni, Zn, Mo, Ag
EOS with XRD related
to RSW-EOS
Ag, Mo, Ag, Pd EOS
with XRD related to
RSW-EOS
A summary of many
Ruby calibrations, and
a theoretical
correction suggested
based on error
analysis

Ruby fluorescence is a common pressure marker, mainly for its ease of acquirement and
measurement. Known problems exist with using ruby as a pressure marker at high temperature,
including the R1-R2 doublet broadening, the signal-to-background ratio decreasing, and that the R1
temperature dependence is high resulting in a large error in pressure from a small uncertainty in
temperature[27]. These factors make resolving the fluorescence spectra difficult and lead to high
uncertainties when calculating the pressure at high temperatures. Calibrations exist that account
for ruby’s behavior under these conditions[27], but better pressure markers are readily available,
including those that use fluorescence for scientists looking to keep the same technique. Two of
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those are Sm: YAG, and SrB4O7:Sm2+. We have used both pressure markers in our experiments. We
used the calibration for Sm: YAG given in the work Trots et al [21] and for SrB4O7:Sm2+we used the
reference found in Rashchenko et al [18], and other works that contribute to this characterizing this
pressure marker can be found in our summary table. SrB4O7:Sm2+ in particular is not temperature
dependent, maintains a fair signal to noise as a function of temperature, and doesn’t broaden
significantly as a function of pressure. This was a preferable pressure marker since it minimizes
uncertainties in calculating pressure. The method for calibrating these pressure markers is
interesting and worthwhile, but describing them in enough detail to do them justice could be its
own thesis, and may lie outside of the scope of this work. Refer to Table 1 for more details on a
selection of experiments in literature.
Resistive Heating Development
Conceptually, resistive heating might be viewed as simple. Materials have a certain
resistance, R, which are a function of inherent properties coming from the resistivity, ρ, the length
of the material, l, and the cross sectional area, A. This relationship can be shown with the equation
𝑙

𝑅 = 𝜌 𝐴. When some current is applied to the material of resistance, R, we get some power that can
be used to heat, summarized by the equation 𝑃 = 𝐼 2 𝑅. Resistive heating is common in both science
and non-science industries, used as heating elements in kitchens and toasters as well as in high
precision scientific ovens. Applying this technique to diamond anvil cell work gives rise to a number
of considerations. For example, oxidation of the diamond anvil cell components must be considered,
and so some groups perform their experiments under vacuum while some use a reducing gas
environment. Some groups use a different diamond anvil cell material altogether to avoid oxidation
of the cell [28].
Additionally, measurement of temperature becomes a critical component for success of a
resistive heating experiment. Much of the literature discussion seems to consist of where the
8

thermocouple was placed and how much difference in temperature at different points of the
sample. We note that even the most strategically placed thermocouple will likely give systematic
errors compared to the absolute temperature of the sample, and thus it is advantageous to apply
some other form of temperature measurement. We suggest the use of Raman Spectroscopy for an
absolute measurement of temperature, and will discuss this in more detail in our methods section
on the topic.
The table below includes a brief review of a few works using resistive heating from Jenei et
al [28]. They highlight the variety of techniques employed to accomplish resistive heating
experimentally as well as their pressure and temperature conditions reached. We note a wide
variety in internal vs external heating as well as heating material used.
Table 2: Literature review of resistive heating experiments.
Authors

Year

Boehler et al [29]

1986

Temperature
(°C)
< 1000

Schiferl [30]

1987

~400—700

5-13 GPa

Basset et al [31]

1993

-190—1200

~2.5 GPa

Fei and Mao [32]

1994

~700

<86 GPa

Dubrovinsky et al [33]
Balzaretti et al[34]

1998
1999

~1200
~1100

<68 GPa
<4 GPa

Zha and Basset [35]

2003

~2700

Dubrovinskaia et al
[36]
Pasternak et al [37]

2003

~1000

<10 GPa
(50 GPa)
<92 GPa

2008

~1000

20 GPa

Weir et al [38]
Weir et al [39]
Du et al [40]
Jenei et al [28]

2009
2012
2013
2013

~1700
~1700
1027
950

21GPa
45 GPa
50 GPa
105 GPa
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Pressure
<15 GPa

Heating

Type

Samples

Fe wire

I

HT Oven-expensive
(Re)
Mo wire

E

Fe (α-ε, α-γ),
W
O2

Mo wire, inert gas
flow
Graphite heater
Gasket heating (Re)

E

Internal heating
(Re)
Whole-cell—special
alloy cell
Small oven around
diamonds
Internal resistive
Internal resistive
Graphite ring
Dual mini heaters

E

E
E/I

H2O, brucite,
muscovite
FeO

E

Fe, Al2O3
a-Si3N4,
γ-Al2O3
SiO2 (Raman:
qtz-coe)
Fe0.95Ni0.05,
TiO2
Ge

I
I
E
E

Au
Sn
H2O, Au
CO2, N2

I
E

Heaters for our experiments were made with a ceramic ring used as a guide for Nichrome60 wires. The ceramic ring with wires was covered in high temperature cement and placed in a
vacuum chamber to remove air. This process helped prevent weakening of the heater through
oxidation. K-type thermocouples were created out of Alumel and Chromel wires and used with a
standard thermocouple reader.

Figure 3: Stages of creation for the resistive heaters.
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A huge instrumentation update for this set of experiments was to address the problem of a
lack of thermal isolation; in other words, our heaters increased the temperature of the entire DAC
and much heat was then lost to the environment. Our goal was to thermally isolate the heatersample system as much as possible from the rest of the DAC, and our idea for reaching this goal was
to create a thermally insulating backing plates. This way, although heat could still be lost through
the diamonds and transferred to the backing plates, that the insulating backing plates would then
transfer the heat to the rest of the DAC much less than the conducting WC backing plates.

Figure 4: Diamond anvil cell with ceramic backing plates used
in a resistive heating experiment.

11

We machined our seats out of un-sintered ZrO2, taking results of a DAC made entirely of the
same material as proof of concept [41]. The first geometry of our designs was simply two ceramic
cylinders with 1.5mm diameter holes through the center.

Cylindrical ceramic
backing plate

Thermocouple

Tiered ceramic
backing plate

Heater

Figure 5: Annotated cross sectional diagram of the resistive heating diamond anvil
cell setup
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Raman Spectroscopy
Raman spectroscopy is an inelastic scattering technique that uses monochromatic laser
light to observe the molecular vibrations, phonons, or other excitations in a lattice. The incoming
light excites the system to virtual excited states, providing a change in momentum that is often
recorded as a change in frequency from the excitation wavelength. These frequency shifts are often
reported in units of relative cm-1 with the excitation wavelength representing 0 cm-1; much of the
incoming light is elastically scattered and is called Rayleigh scattering. A shift to lower frequency is
called an Anti-Stokes mode, and a shift to higher change frequency is called a Stokes mode. A Stokes
mode is a transition from a lower energy state to a higher one, and an Anti-Stokes mode is a
transition from a higher energy state to a lower energy state. At ambient temperatures, the
population of lower energy states will be higher and thus the Stokes modes will have higher
intensity than Anti-Stokes. The intensity of the Anti-Stokes peaks will increase with temperature as
the population of higher energy states increases. The number of allowed Raman modes in the
spectrum depends heavily on the crystal symmetry and the strength of strength of intermolecular
bonds [42].
Using Boltzmann statistics, we follow the derivation given in [42] to get a relationship
between temperature and the intensities of the Stokes vs Anti-Stokes modes. Equation 4.36 on page
84 gives the following
𝐼𝑠 (𝜈0 − 𝜈𝑘 )4
=
𝑒𝑥𝑝{ℎ𝑐𝜈𝑘 ⁄𝑘𝐵 𝑇}
𝐼𝑎 (𝜈0 + 𝜈𝑘 )4
where (Is) is the intensity of the Stokes mode, (Ia) is the intensity of the Anti-Stokes mode, ν0 is the
wavenumber of the Rayleigh scattered light, νk is the wavenumber of the kth Raman mode, h is
Planck’s constant, c is the speed of light, kB is Boltzmann’s constant and T is temperature.
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By rearranging this equation to isolate temperature, T, we get

𝑇=

ℎ𝑐𝜈𝑘
𝜈0 + 𝜈𝑘
𝐼
𝑘𝐵 [4ln (𝜈 − 𝜈 ) + ln (𝐼𝑠 )]
0
𝑘
𝑎

We can use this relationship to calculate the absolute temperature of the sample.

The ratio of the intensities of Stokes vs Anti-Stokes will come to unity faster for modes close
in frequency to the Rayleigh line than for modes farther away. Additionally, some samples are not
Raman active or have phases that are not Raman active, and thus for those samples temperature
could not be determined using this method. We propose the notion of a Raman “temperature
marker”—a system that allows modes spaced at a variety of frequencies. For the experiments listed
in the Case Studies—Sn section, we used CaCO3 as a temperature marker because of its decent
spacing of modes from 0—1000 cm-1 and its high melting temperature compared to tin.

14

Case Studies
This case studies section is somewhat chronological in time, and somewhat organized by
topic. Work with the simple organic systems of glycine and aspirin is discussed first, followed by
our work mapping the β-tin phase boundary. Work with Lawrence Livermore National Lab on
related glycine work and the application of resistive heating for connected or ongoing lab projects
is also briefly described.

15

The Resistive Heating Story:
Glycine Results
Glycine has many polymorphs that have been extensively studied both under ambient and
high pressure conditions[43]–[46]. It is the simplest amino acid and has many practical uses in
science and industry. Glycine’s selection as our first sample came from glycine’s low melting
temperature, ~233C, and its existing polymorphism[47], [48] indicating a rich energy landscape.
Synthesis of existing ambient pressure polymorphs was the first attempted step. Following
the procedures given in [49]and [47] for β-glycine and γ-glycine respectively, β-glycine crystals
were successfully synthesized, but attempts at crystallizing pure γ-glycine were unsuccessful. The
polymorphic structure was confirmed by comparing collected Raman Spectroscopy data with
literature and by visually inspecting the morphology of synthesized crystals.

Figure 6: Comparison of glycine polymorph morphologies. A) α-glycine and B) β-gycine
Early in the exploration of simple organics, our instrumentation for resistive heating was
still under development. Outside of the DAC, the first generation heater had a max temperature of
about 800C. Even considering thermal loss to the other elements of the DAC, the melting
temperature of glycine certainly seemed within reach. For glycine, our thermometry was also still
16

in its first stages of development. A thermocouple was placed on the gasket but not near the sample,
and a second thermocouple was placed on the back of the diamond with the heater on it. Glycine
was loaded with no pressure transmitting medium in the sample chamber. The Raman spectra were
recorded from the sample as function of temperature using an Andor spectrometer.
At about 1 GPa, when glycine was heated past its reported ambient temperature melting
point, two observations were made: 1) as temperature increased, the intensity of the Raman
spectra decreased until at a certain point it disappeared completely, and 2) well past the ambient
pressure melting point in temperature, our sample experienced what we suspected to be
decomposition based on the Raman spectra which looked like amorphous carbon. Pressure was not
recorded in situ during the experiment, only before and after heating experiments. Based on later
experiments, it’s likely that pressure fluctuated during the heating, but this was not measured at the
time. Below a stack plot of the results are shown.

Figure 7: Raman stack plot of glycine as a function of temperature.
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Glycine was heated at about 5 GPa in another experiment with no PTM. At this point, a
second generation of heaters was in use. The second generation heaters have more wire turns
meaning that the same temperature could be achieved with less power and potentially a higher
maximum temperature could be achieved. In this experiment, the Raman modes observed for
glycine were already gone at a much lower temperature than expected. The switch to a more
powerful heater without an improvement to the thermometry at the time could have played a role
in this earlier disappearance. When the temperature was increased in search of any visual
indications of melting, the sample over time became opaque which appeared to indicate
decomposition. The opacity increase of the sample is shown below.

A

B

C

D

Figure 8: Glycine turning opaque as temperature increases (A to D). Transmission lighting
geometry used.

Since the resistive heating method was not as well developed at the time and many
concerns arose surrounding this, attempting to melt glycine at ambient pressures outside of the
DAC seemed to be the most prudent step. When trying to observe visual evidence of melting
glycine, the sample turned amorphous well before the reported melting temperature. When the
experiment was repeated while collecting Raman, it seemed yet again that the sample had a very
narrow range in temperature between potentially melting to decomposing even at ambient
pressures. This window was too narrow for the early capabilities of our resistive heating
18

configuration at that point and decided to move on to another sample to continue to build the
method.

Figure 9: Glycine heated at ambient pressures on glass slide (no cover slide) to 230C.
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Figure 10: Raman stack plot of glycine as a function of temperature. After disappearing well before
the reported temperatures, the Raman modes never fully returned.

These early resistive heating experiments with glycine gave an infrastructure for imposing
standards and criteria for future experiments. Tracking pressure during heating to account for
changes became one of the first standards. These experiments showed how critical accurate
measurement of temperature is—thermocouple placement close to the sample became another
standard for future experiments. A sample that definitely melted at ambient temperatures became
another standard for future experiments. This last restriction led to Aspirin as the next sample to
study.
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Aspirin Results
Aspirin displays polymorphism, but it has fewer known polymorphic forms than glycine
does [8], [50]–[52]. It also has an ambient pressure melt phase measured by Shtukenberg et al [8],
which we confirmed visually before proceeding with this sample.
A

B

Figure 11: Melt product of aspirin. A) Melt product observed in
our lab. B) Spherulite melt product of aspirin-IV measured by
Shtukenberg et al

We note that we did not measure the Raman modes of Aspirin-IV, and only confirmed
melting visually and with the general morphology reported. Based on the complications of
measuring the short lived phase IV[8], it seemed sufficient at the time to observe the visual changes
to aspirin as a function of temperature across its melt line at ambient pressures.
The first DAC loading of aspirin-I was loaded with ground aspirin from Sigma-Aldrich and
no PTM, and included a Sm:YAG crystal as a pressure marker. Each high-temperature Raman
measurement was accompanied by a measurement of the pressure marker throughout the
experiment. During the heating, a shift in the Raman frequencies at high temperatures was
observed; however, it turned out to be a shift due to pressure loss rather than temperature.
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Figure 12: Raman stack plot of a small selection of aspirin modes. Between ~200-220C, a negative
shift in frequency is observed. This is due to a loss of pressure (known because of Sm:YAG pressure
Data) rather than due to temperature.

At this point, two problems needed to be addressed; firstly, the DAC relaxing under high
temperature conditions, and secondly, in the ambient spectrum of aspirin, some peaks not
identified in literature were present. In other words, sample purity was a concern. Let us consider
this issue first. In the sample purchased from sigma Aldrich, spurious modes were present in the
spectra that weren’t present in modes published in the literature. Thinking that this may be an
issue of purity, we aimed to try creating single crystals of the material which would be inherently
pure. A few attempts were made by simply making an oversaturated solution and then allowing it
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to crystalize by slow evaporation. The first batch was unsuccessful, showing almost the same result
as the original sample. The second batch gave spectra that matched the literature better but still
had one or two spurious peaks. Our Lawrence Livermore National Lab (LLNL) collaborator, Natalia
Zaitseva, provided us with a few particularly large single crystals [53]. The same spurious peaks
were observed in the Raman spectra of a set of single crystals of LLNL Aspirin. Identifying these
peaks would be the goal of a future date, but for the moment, it was part of the characterization of
our sample. We moved forward with tracking the modes we could see whether or not they
belonged purely to ASA-I.

Figure 13: Raman stack plot of a set of crystals grown from slow evaporation. Only selection of the
modes of aspirin phase I are shown here. Modes labeled in red did not appear in literature.
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As for addressing the problem of the DAC relaxing, several solutions were apparent. Larger
culet diamonds would require more force to apply a lower pressure. This would mean that although
the DAC could relax the same amount, not as much pressure would be lost during the heating. A gas
membrane to apply pressure rather than pressure screws could also be a solution. The concept for
gas membranes as used for diamond anvil cell is described in many cases in literature, and we give
[54] as an reference here. As the temperature increased, if pressure changed in the DAC due to
heating, the membrane pressure could be used to compensate. Lubricating the outside of the piston
and the inside of the cylinder pieces of the DAC was also considered—a technique commonly
applied in mechanics and engineering to metal or other materials heating up so that the system
behaves optimally. Our final idea centered on addressing the issue of the DAC being heated at all.
Other groups use a different material for the DAC itself, such as Inconel [28] , so that the thermal
expansion of the material is low and pressure loss would be less likely when the DAC material
inevitably heats. As discussed in the methods section, our idea was to prevent the entire DAC from
heating up in the first place. For Aspirin, the first two techniques were applied for different
experiments. Lubrication has not been attempted yet. The final solution proved to be a huge jump
in successful instrumentation, and is described in the Resistive Heating Methods Section as well as
mentioned in the Case Studies β-Sn section.
The second DAC loading of Aspirin-I used powdered LLNL single crystal non-hydrostatically
loaded with no PTM. The gas membrane was employed to control the pressure loss issue described
above. The Raman modes under pressure and temperature were observed while heating and when
the Raman modes disappeared at temperature, the temperature was immediately decrease and
cooling data was taken. The sample was heated and cooled six times under various pressure and
temperature conditions. Our results are summarized in the graph below. We identified the Raman
modes to be consistent with existing phases within the regions we studied and did not see any new
phases appear.
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Figure 14: Mapping of where Raman spectra were taken for aspirin in phase space. Points with the
same shape indicate the same temperature cycle. Points found in the red region were identified as
phase I while points in the grey region were identified as phase III.

Visual observation of aspirin melting at pressure in a DAC had not yet occurred. Thus, the
final loading of aspirin-I used a small LLNL single crystal loaded in an Ar PTM with a Sm:YAG
pressure marker in search of visual evidence of melting. Larger culet diamonds were used to
address the pressure loss issue in a different way as discussed above. The starting pressure for the
sample was above 5 GPa since we had lost pressure in earlier resistive heating experiments below
this starting pressure with no gas membrane. The Raman modes of aspirin were recorded until they
disappeared, and then the sample was monitored visually with increasing temperature hoping to
see the sample change morphology in some way to indicate melting. No morphological changes
were observed during this process. The sample did turn dark beyond a certain temperature and
this indicated decomposition much like glycine had experienced.
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A

B

C

D

Figure 15: Single crystal of aspirin phase I in an Ar PTM with Sm: YAG crystal loaded in DAC. A)
and C) are transmission lighting geometry while B and D are reflected lighting geometry. A) and
B) are before heating while C) and D) are after heating. The sample becomes opaque when
heated.

Our uncertainties about our technique were too many for us to rule out what was or wasn’t
working with simple organic systems such that a more robust sample seemed necessary.
Simple Organics Discussion
Although we moved away from simple organic systems for the time being, we have some
questions and strategies for moving forward for either our future selves or the interested reader
hoping to pursue this topic someday. The first real hurdle to overcome is to define criteria
theoretically for what should happen to the Raman spectra when the sample melts. If melting is
defined to be the loss of strong intramolecular bonds in a crystal, then spectra from the individual
molecules and the covalent bonds keeping them together might still be expected. For example, for
glycine dissolved in water, a Raman spectrum is still observable despite the individual molecules
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being separate in zwitterion form [55]. This is because Raman spectroscopy not only probes lattice
modes in a crystal, but also vibrational and rotational modes of molecules which wouldn’t
necessarily disappear under melt conditions. We did not observe this phenomenon when heating
our organic systems though, only the loss of all modes at a particular temperature. It’s possible that
the window between decomposition and melting for these materials is too small for our current
capabilities. For now, we can’t give or find a satisfactory answer for this complex behavior we
observe. It’s possible that an additional diagnostic technique for describing melt criteria in simple
organic systems is necessary, although techniques used for metals such as pyrometry using the
reflectivity of the metals seems difficult to apply at first glance.
If we were able to define these criteria and identify a sample that could follow those criteria,
our next step would be to apply pressures that are exceptionally low initially. If indeed we could
ensure that our sample melts at a particular temperature, we would begin by applying the lowest
pressure possible initially. In simple organic crystals, when applying pressure, the sample’s density
will increase and this is usually the bonds between the molecules in the crystal becoming shorter
and therefore stronger. This could increase the melting temperature, and it’s possible that the
increase would be dramatic. Is it possible that we may have been missing the window for melting
entirely by beginning our search for melting at 5-10 GPa? No one really seems to know the answers
to these questions because no one has really applied this technique to these systems before as far as
we could tell as in literature, a melt curve or phase diagram for these systems seems to be nonexistent.
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β-Sn Results
Without visual evidence of melting of any samples and looking for a more robust system
less prone to decomposition, we moved to consider a simpler metallic system. A system with a low
melting point and rich polymorphism was still ideal, but requirement that the sample not
decompose proved necessary to add. We were inspired to look at tin based on our familiarity of
dealing with the system in the past and based on how well it has been studied in order to give a
better baseline to compare to for our obtained results.
Tin has been in use for a long period of history, and remains ubiquitous in industry today.
Popular urban legends involving tin include Napoleon’s soldiers’ tin buttons crumbling in the frigid
Russian winter [56], or concern arising that some nefarious evil was at work when tin church organ
pipes warped over many chilly winters [57]. Colloquially, this is phenomenon is referred to as tin
pest, and scientifically, tin is known to have a volume expanding β—α transition at low
temperatures [57], [58]. Of particular interest is tin’s behavior at extreme conditions such as high
pressure and high temperature. Tin’s phase diagram is extremely well studied, especially it’s melt
curve under pressure[10], [59]–[61]. Although the melt curve of tin has been mapped extensively to
very high pressures, the phase stability of β-Sn to bct-Sn transition has only been extrapolated and
not explicitly measured. Tin proved to be the ideal system observing interesting physics and
displaying the strength of the method we developed.
Literature for Raman spectra of tin is limited—only one paper total claimed to see the
Raman modes of tin at low temperatures[62]. There are two allowed Raman modes of β-tin—B1g
and Eg, calculated using selection rules from structure. Choosing space group 141 for β-tin’s
I41/amd structure and 4a Wyckoff position (0, 0, 0) showed two allowed Raman modes[63]. A back
of the envelope calculation using this information and the phonon density of states [64], [65]
revealed that modes should roughly be present at around 50 cm-1 and 140cm-1. The Raman modes
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of tin were preliminarily observed in a diamond anvil cell with NaCl PTM and Sm: YAG pressure
marker and is shown in the figure below, which has the modes approximately where our rough
estimation predicted. Although reference [62] claimed to produce the first Raman spectra of tin,
their spectra was not well resolved close to the Rayleigh line. Our experiments are the first to
clearly show both allowed modes of β-tin.
The attempts to visually observe melting of a sample in a DAC continued with tin.
Implementation of the ceramic backing plates described in the Resistive Heating Methods section
greatly improved heat transfer to the sample in the following experiments and allowed a new
maximum temperature to be recorded inside the DAC (~715C). The sample was loosely packed
with a KBr PTM, and the DAC was only closed with no pressure. As the sample was heated, we
observed the sample moving about in the sample chamber. Morphological visual changes in a
sample in a resistively heated DAC had finally been shown.
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3:11PM ~391C

3:38PM >430C

3:43PM ~430C

3:46PM ~472C

3:49PM ~520C

3:59PM ~637C

4:09PM ~709C

4:11PM ~713C

4:48PM ~43C cooling

Figure 16: Tin in diamond anvil cell showing visual evidence of melting as a function of temperature
and time.

This is a somewhat surprising result. Usually, some kind of change obvious to the naked eye
is not present when heating samples, which is why techniques such as speckle measurement where
temperature gradients are needed for the material to flow. Since, in DAC experiments, the PTM
presses on the sample from all directions and using resistive heating we are in a steady state, it’s
unlikely that anything visible to the human eye will be observed.
Although changes to the sample were observed indicating melting, the Raman spectra from
this experiment were poor due to the small collection angle provided by the 1.3mm diameter hole
in the ceramic backing plate. With a modification to the cylindrical ceramic backing plate to have a
larger angle opening, we were able to collect high quality spectra once again. We also note that at
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this point we began to use SrB4O7:Sm2+ as a pressure marker. With confirmation of melting done,
we began our investigation into the phase boundary of β-Sn using literature values as a rough
reference for where phase boundaries should be, approaching those boundaries slowly in
temperature.

Figure 17: SrB4O7:Sm2+ fluorescence spectra stack plot as a function of temperature.

We track the Raman modes of tin until they disappear. As we approach the β-Sn melt phase
boundary, the modes experience a gradual loss of intensity. When crossing the β-Sn to bct-Sn phase
boundary, we observe a sudden and complete loss of all Raman modes. We record one or two
points past where the Raman disappears, and observe hysteresis in the reappearance of Raman
across the β-Sn to bct-Sn phase boundary.
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Decreased
Temperature

Increased
Temperature
Figure 18: Raman spectroscopy stack plot of tin as a function of temperature across melt boundary.
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Decreased
Temperature
Increased
Temperature
Figure 19: Raman spectroscopy stack plot of tin as a function of temperature across a solid-solid
phase boundary.

β-Sn Discussion
β-Sn has the structure I41/amd which is a disordered body-centered tetragonal structure. It
has two atoms in its primitive unit cell which allows for optical phonons. Two Raman modes are
allowed for β-Sn: B1g and Eg. When crossing the melt phase boundary, the modes for β-Sn broaden
out with the increase of temperature until disappearing. When crossing the β-Sn to bct-Sn, we
observed a sudden loss of modes observed. Bct-Sn is also body-centered tetragonal, but slightly
more ordered; the structure for bct-Sn is I4/mmm, and it has only one atom in its primitive unit
cell. Thus, no optical phonons are present and no Raman modes are allowed in this region of the
phase diagram.
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Figure 20: Phase diagram mapping the phase stability of β-Sn

The above phase diagram reports temperatures from our thermocouple, which was placed
on the between the culet of the diamond and the indent of the gasket. We plan to calculate
temperature directly using the formula listed in our Raman Spectroscopy Methods section;
however, since the Raman modes of tin have frequencies close to the Rayleigh line, the intensities of
the stokes vs anti-stokes will come to unity rather quickly in temperature. We employed a Raman
“temperature marker” that has modes at a much wider range of frequencies to help us corroborate
the temperatures we will calculate from Sn and the temperatures our thermocouple reported. We
chose CaCO3 for this experiment because of its modes at a good range of frequencies and its
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abundance and availability. In future experiments, we will probably try different Raman

Increased
Temperature

Decreased
Temperature

temperature markers.

Figure 21: Raman stack plot of CaCO3 as a function of temperature. The ratios of the Stokes to AntiStokes intensities of a mode can be used to calculate absolute temperature.

As mentioned earlier, in order to complete the temperature calculations, we need to
perform a transfer function for our Raman system. The transfer function is a calibration of the
quantum efficiency of the CCD in the spectrometer system. The calibration would allow the
intensities of each Raman mode taken as a true and absolute intensity.
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Related Work:
α-glycine EOS and Raman
Our first highlighted work came from our initial interest in glycine was our collaboration
with Lawrence Livermore National Lab working with Dr. Elissaios Stavrou, wherein we studied the
structural stability of α-glycine under pressure [66]. In this work, α-glycine crystal structure was
measured with X-ray diffraction (XRD) and subtle changes to the vibrational modes were measured
with Raman up to 50 GPa, and the room temperature equation of state (EOS) was determined. In
addition to our experimental work, several calculations techniques were applied including
vibrational calculations to extract the positions of the allowed Raman modes and intensities, and
theoretical EOSs. This work is arguably one of the most thorough and highest static pressure
studies of glycine to date.
Resistive heating at HPCAT
Beyond the author’s individual projects, we applied resistive heating to previous and
ongoing projects involving time at Argonne National Lab at the Advance Photon Source (APS)
HPCAT beamlines. We highlight our published work on Sn3N4 [67] where the main contribution
from resistive heating was that heating our sample at a slower rate provided different results than
our laser heated samples and allowed us to match theoretical work better. We also mention here
our work with resistive heating using XAFS. In many ways a proof of concept work, the data from
this project is still being analyzed and will be in press for publication soon.
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Conclusions
The phase stability of β-Sn as a function of pressure and temperature has been measured
using Raman spectroscopy and a resistively heated diamond anvil cell; this is the first phase
mapping of a metal using Raman spectroscopy. The difference between melt transitions and firstorder solid-solid phase transitions are distinguished in this thesis. The strength of using Raman as a
route to absolute temperature measurement was discussed and excellent data quality for Raman
spectroscopy of metals has been displayed. This thesis shows that thermal isolation can prove
essential to performing a successful resistive heating experiment. It also shows that visual evidence
of melting is too qualitative of a criterion and that more quantitative methods such as spectroscopy
(i.e. Raman) are more ideal for developing melt criteria. Careful sample selection was shown to be
critical for the success of this technique— some systems are not well suited to resistive heating
diamond anvil cell experiments. The technique described in this work is ideal for measuring
metallic systems with either debated or controversial phase boundaries. Lithium, bismuth, and
silicon all have interesting phase diagrams with Raman active phases and high temperature regions
that would be ideal to apply this technique to.
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